Alternative models have been presented to provide explanations for the sequence-dependent variation of the DNA minor groove width. In a structural model groove narrowing in A-tracts results from direct, short-range interactions among DNA bases. In an electrostatic model, the narrow minor groove of A-tracts is proposed to respond to sequencedependent localization of water and cations. Molecular dynamics simulations on partially methylphosphonate substituted helical chains of d(TATAGGCCTATA) and d(CGCGAATTCGCG) duplexes have been carried out to help evaluate the effects of neutralizing DNA phosphate groups on the minor groove width. The results show that the time-average minor groove width of the GGCC duplex becomes signi®cantly more narrow on neutralizing the phosphate backbone with methylphosphonates. The minor groove of the AATT sequence is normally narrow and the methylphosphonate substitutions have a smaller but measurable affect on this sequence. These results and models provide a system that can be tested by experiment and they support the hypothesis that the electrostatic environment around the minor groove affects the groove width in a sequence-dependent dynamic and time-average manner.
INTRODUCTION
The X-ray crystal structure of [d(CGCGAATTCGCG)] 2 determined by Dickerson and co-workers (1) provided the ®rst detailed view of a complete turn of the double helix and demonstrated that some sequences cause the conformation of DNA to deviate from the canonical B-form. For example, the DNA minor groove is typically narrower in A-tracts than in G-tracts in crystal structures (2±5). That X-ray structure also demonstrated that a`spine of hydration', composed of localized, geometrically arranged water molecules in the minor groove, appears to be an integral structural component of A-tract DNA (2) . More recent high resolution X-ray data from [d(CGCGAATTCGCG)] 2 crystals showed that additional localized water molecules can assemble atop the spine of hydration to form a`fused hexagon' hydration motif (6, 7) . X-ray analysis indicates that water molecules in G-tract minor grooves generally assume a motif that has been termed à double ribbon' (8) . Also, it has been observed that when the minor groove of a G-tract is narrow, localized cross-strand water molecules can be found at the GC step, for example in the minor groove of the DNA duplex d(CCAGGCCTGG) (9, 10) . The concept of sequence-speci®c variations in conformation and hydration is supported by the results of NMR (11±17), chemical footprinting (4) and computation (18±20).
The observation of DNA sequence-speci®c effects raises important questions about their molecular origin, particularly about the in¯uence of solvent components on structure, that cannot be answered by static structures alone. The in¯uence of electrostatic interactions and of base±base interactions on DNA structure are topics of broad importance that are being debated from different viewpoints. In one view ion±DNA interactions have signi®cant effects on the structure of the double helix (21, 22) ; the electrostatic model. The possible effects of base±base interactions and of DNA sequence on DNA structure have also been described (23±25); the base±base interaction or intrinsic structure model. Because ion interactions in the electrostatic model and base interactions in the structure model should have a particularly pronounced effect on the width of the minor groove, this width has evolved into a useful and very clear parameter for evaluation of the in¯uence of different factors on DNA structure (26, 27) . Other helical parameters may not be as directly or strongly correlated with DNA±ion interactions (26, 27) . In the base±base interaction or intrinsic structure model, direct, short-range interactions among DNA bases are primarily responsible for variations in minor groove width. In the electrostatic model variations in minor groove width originate primarily from sequence-speci®c interactions of water molecules and cations with DNA.
The intrinsic structure and electrostatic models make opposing predictions as to the effects of changes in environment and chemical modi®cation on DNA conformation. The intrinsic structure model predicts that the width of the minor groove is essentially independent of electrostatic environment and intramolecular electrostatic interactions. That model predicts that groove width would be invariant to changes in cation distribution, cation type and chemical modi®cations that alter intramolecular phosphate repulsion. In contrast, the electrostatic model predicts that minor groove width would respond according to Coulomb's Law to changes in electrostatic shielding of phosphate groups by cations and to chemical modi®cation of phosphate groups. An increase in the shielding of cross-groove phosphate groups by cations or a decrease in their electrostatic repulsion upon chemical modi®cation would be expected to decrease the width of the minor groove. Williams and co-workers have presented X-ray evidence in support of this model (21) , which was later challenged by Chui and Dickerson (28) . Obviously, additional methods to investigate the in¯uence of ions on minor groove width are needed.
In previous molecular dynamics (MD) studies (26, 27) , we showed that the time-average minor groove width and its uctuations are modulated by phosphate±phosphate repulsion across the groove. When cations localize at base sites near thē oor or at phosphates near the lip of the minor groove and shield cross-strand phosphate oxygens from each other, the groove is narrow. When cations are absent from the minor groove and expose charged phosphate oxygens to each other, the groove is wide. Thus, the electrostatic environment within the minor groove affects the groove width in both dynamic and time-average analyses. The observation that the average minor groove width of A-tracts is narrower than the minor groove of G-tracts (3±5) is explained by our previous results (27) that cations spend more time in the A-tract than in the G-tract region. Differences in minor groove electrostatic potential (29, 30) , base functional groups along the¯oor of the groove (21, 22) and hydration (27) contribute to the differences in distributions of cations in A-tracts relative to G-tracts.
Although the MD results described above clearly de®ne a correlation between cation position and DNA structure, particularly minor groove width, they are dif®cult to directly test by experiment. In an effort to de®ne an experimental system that can test the importance of electrostatic effects on DNA structure, our attention was drawn to the work of Maher and co-workers on methylphosphonate modi®ed DNA (31, 32) . The authors showed that patches of cross-strand methylphosphonate groups can neutralize one face of the DNA and, when in phase in a DNA double helix, strongly in¯uence the curvature of the DNA. The electrostatic model predicts that such neutral cross-strand groups would also result in a narrow minor groove, independent of the local sequence, while the structure model predicts that such modi®cations will have only minor effects on groove width.
As a ®rst step to test this prediction we have carried out MD simulations on [d(TATAGGCCTATA)] 2 modi®ed in the central GGCC region with methylphosphonate groups. The GC minor groove is normally wide, but the electrostatic model predicts that it will become narrow when neutralized. As a control study, similar MD simulations were conducted on [d(CGCGAATTCGCG)] 2 neutralized by methylphosphonate groups in the central region. It should be noted that the results of our predictions could be tested by structural biology methods such as X-ray crystallography and NMR spectroscopy with DNA duplexes chemically modi®ed with methylphosphonate groups, as in the experiments of Maher and co-workers (31, 32) .
MATERIALS AND METHODS
In all MD calculations the starting structure of our simulation was the canonical B-DNA (33) generated using the SYBYL software package. The DNA duplex,~40 A Ê long, was solvated with approximately 4000 TIP3P water molecules (34) such that solvent was placed 11 A Ê around the duplex to ®ll a periodic box size of~45 Q 45 Q 60 A Ê . Twenty Na + and 10 Cl ± ions were placed around the DNA using the LEAP module in AMBER 5.0 in order to obtain electrostatic neutrality and a NaCl concentration of~0.15 M. All simulations were carried out using the sander module of the AMBER 5.0 (35) package with the all-atom force ®eld of Cornell et al. (36) .
Equilibration was carried out on the system by using the following protocol. At the start of the equilibration, 500 kcal/ mol restraints were placed on the DNA molecule. The water and ions were minimized for 1000 steps, followed by molecular dynamics for 25 ps, which allowed the solvent to relax. After these initial simulations, the particle mesh Ewald method (37± 41) within AMBER 5.0 was used. The equilibration was continued with a 25 ps MD run at 300 K with a 300 kcal/mol restraint placed on the DNA molecule. This was followed by ®ve rounds of 600 step minimization on the entire system, starting with a 25 kcal/mol restraint on the solute and reducing it by 5 kcal/mol during each subsequent round. Finally, with no restraints, the entire system was heated from 100 to 300 K over 10 ps. All MD simulations were carried out in the NPT ensemble with periodic boundary conditions at a constant temperature of 300 K with the Berendsen temperature algorithm (42) and at a pressure of 1 bar. The SHAKE (43) algorithm was applied to all bonds involving hydrogen atoms and an integration time step of 2.0 fs was used. Lennard-Jones interactions were subjected to a 9 A Ê cut-off and the nonbonded pair lists were updated at every step. The center of mass energy was removed every 100 ps.
The force ®eld parameters of the methylphosphonate backbone were developed in analogy to existing parameters in the force ®eld of Cornell et al. and based on the ab initio calculations of small molecules using Gaussian98 (44) . The atomic charges of methylphosphonate were determined using the restrained electrostatic potential ®tting procedure (RESP) (45± 47) at the HF/6-31G* level of theory. The charges for the methylphosphonate backbone and the additional force ®eld parameters used are presented in Figures 1 and S1 .
The results were analyzed with the carnal and rdparm modules of AMBER 5.0, Curves 5.1 (48±50) and some inhouse programs written to help correlate DNA structure and ion positions (26, 27) . Instead of just measuring the shortest phosphate±phosphate distances between the backbones of the DNA when measuring the minor groove width, Curves 5.1 was used because it provides a continuous measurement of groove geometry by de®ning a smooth space curve passing through all the phosphorous atoms of each backbone. The detailed algorithm of the Curves 5.1 program can found in Stofer and Lavery (50) . In order to ensure that the initial structure of DNA had a minimal effect on the results, we did not use the ®rst 500 ps of the trajectories in the MD simulations in the ®nal analysis. All the molecular graphics images were produced using the SYBYL program from Tripos Inc.
RESULTS

Selection of methylphosphonate DNA analogs
Realizing that it is not possible to conduct simulations on all variations of methylphosphonate isomers at the positions shown in Figure 1 with (26, 27) . Six central anionic phosphates of each DNA dodecamer were changed to methylphosphonates (Fig. 1) . The total formal charge of each DNA dodecamer duplex was reduced from 22 to 10 by these modi®cations and cross-strand charged group repulsion in the center of each duplex was eliminated. To mimic solution studies of methylphosphonates, which are synthesized with random stereochemistry, patterns of alternating methylphosphonate diastereomers, R and S, were ®rst used along each backbone (Fig. 1) . It should be noted, however, that the methylphosphonates are neutral in either the R or S con®guration. In an additional simulation with a modi®ed d(TATAGGCCTATA) duplex, the methylphosphonates were placed with randomly selected diastereomers (Fig. 1) along the backbone. For the sequences and substitution patterns used in these experiments no major differences in the ®nal structures of the DNAs with different patterns of methylphosphonate isomers were observed (see below).
Five 10 ns MD simulations were carried out and analyzed in this study. The simulation on the methylphosphonate duplex 5¢-d(TpApTpApGm S Gm R Cm S Cm R Tm S Am R TpA)-3¢ is referred to as M_GGCC_ALT. A similar simulation, M_AATT_ALT, was carried out on the duplex 5¢-CpGpCpGpAm S Am R Tm S Tm R Cm S Gm R CpG-3¢. In another simulation, M_GGCC_RAN, of the modi®ed GGCC duplex, (5¢-TpApTpApGm R Gm S Cm S Cm R Tm R Am S TpA-3¢)´(5¢-TpApTpApGm S Gm S Cm S Cm R Tm S Am S TpA-3¢), random methylphosphonate diastereomers were placed along the backbone of the DNA based on a random number generator. Finally, two control MD simulations of the GGCC and AATT duplexes with unmodi®ed phosphate groups from previous work (26, 27) were compared with the methylphosphonate analogs.
Comparison of the methylphosphonate modi®ed GGCC duplex to its unmodi®ed parent Based on the root mean square deviation of the simulations from the initial conformations, the DNA relaxed rapidly and remained stable over the time period of all simulations. It has been noted that full solvent equilibration can take up to 3 ns (51) and all simulations were run for 10 ns. The ®rst 500 ps of the trajectories were excluded from each time-average conformation determination to ensure stability of the DNA. The minor groove width of the modi®ed GGCC DNA, M_GGCC_ALT, ranges from~2.0 to 10.0 A Ê across the minor groove at P6±P20, P7±P19, P8±P18 and P9±P17 during the course of the MD simulation, as can be seen from the time-dependent plot in Figure 2 (top). This variation in amplitude is similar to the range of minor groove widths of the unmodi®ed GGCC sequence (Fig. 2, bottom) . The minor groove of the unmodi®ed GGCC sequence remains wide most of the time but transiently becomes narrow relative to the minor groove width of the canonical B-form DNA of 5.9 A Ê . In contrast, the minor groove of M_GGCC_ALT remains narrow most of the time and occasionally becomes wide. The average minor groove width of the unmodi®ed GGCC sequence is 6.0 A Ê near the central phosphate±phosphate pairs and is 4.0 A Ê for that of M_GGCC_ALT at the same location (versus 5.9 A Ê for the canonical B DNA). Figure 3 shows that the minor groove widths at the central G-tracts of M_GGCC_ALT and M_GGCC_RAN, averaged over the ®nal 9.5 ns of the simulations, are narrow compared with that in B-form DNA and the unmodi®ed dodecamer of the same sequence (Fig. 3) . The minor groove widths at the central G-tracts of the methylphosphonate DNA analogs arẽ 4.0 A Ê and widen to~7.0 A Ê at the duplex termini. The minor groove widths of the central, neutralized region of M_GGCC_ALT and M_GGCC_RAN are~3 A Ê less than that of the unmodi®ed dodecamer of the same sequence. The minor groove width of the unmodi®ed dodecamer is more uniform along the helix with a width of~6.5 A Ê (Fig. 3) .
The models in Figure 4 (top) illustrate that the minor groove widths of the G-tracts of M_GGCC_ALT and M_GGCC_RAN are narrower than that of the unmodi®ed GGCC duplex. The spherical balls in M_GGCC_ALT and M_GGCC_RAN represent the methyl groups of the methylphosphonate analogs. The tilt and roll angles of the unmodi®ed GGCC, M_GGCC_ALT and M_GGCC_RAN DNA are similar to each other and average around the values of the canonical B-form DNA, as shown in Figure 5 . Also, the twist angles of the three simulations are similar, but are slightly lower than that of the B-form DNA (Fig. 5) . The lower twist is expected from simulations of DNA with the force ®eld of Cornell et al. (52) .
Comparison of the methylphosphonate modi®ed AATT duplex with its unmodi®ed parent
The time-average minor groove width of the central A-tract of the unmodi®ed AATT duplex is narrow and the groove width of the modi®ed AATT duplex, M_AATT_ALT, is even narrower than that of the unmodi®ed dodecamer (Fig. S2) . The chemical conversion of the central phosphates to methylphosphonates and complete neutralization of this region of DNA causes the minor groove to narrow by an additional~1.0 A Ê . Figure 4 (bottom) depicts the time-average structure of models of the unmodi®ed AATT and modi®ed AATT, M_AATT_ALT, sequences with the carbon atoms of the methyl groups of the methylphosphonate analogs represented as green balls. The helical backbone structures of the unmodi®ed AATT and M_AATT_ALT are similar to each other and to B-form DNA, as can be seen from the plot of the tilt, twist and roll angles in Figure S3 .
Sodium ion distribution and structured water molecules in the minor groove
The MD simulations reported here also show that conversion to neutral phosphate linkages alters the distribution of cations surrounding DNA. The unmodi®ed AATT duplex has 45 sodium ions per 100 ps interacting with the cross-strand phosphate±phosphate groups at the central region of the duplex at the lip of the minor groove, as previously described (26) . The unmodi®ed GGCC duplex has 19 cation interactions per 100 ps at a comparable NaCl concentration (27) . In contrast, there is only approximately one ion interaction per 100 ps for both the methylphosphonate modi®ed GGCC and AATT duplexes.
A water molecule was assumed to form a cross-strand interaction between two atoms on opposite strands, for example between O2 of T on one strand and O2 of T on the other strand, if the oxygen of the water molecule was within 3.0 A Ê of both T O2 groups. Over the entire simulation of the unmodi®ed AATT, cross-strand water molecules between O2 of T on one strand and O2 of T on the other strand at the central region (AT step) are observed~63% of the time, as shown in Figure 6 . Cross-strand structured water molecules at the adjacent site, N3 of A on one strand and O2 of T on the other strand and vice versa, are found to be present~43 and 44% of the time, respectively. Water molecules are also observed in the minor groove of the modi®ed and unmodi®ed GGCC sequences, as also shown in Figure 6 . The cross-strand water molecules between the O2 of C on one strand and O2 of C on the other strand at the central region (GC step) of M_GGCC_ALT, M_GGCC_RAN and unmodi®ed GGCC are found to be present for~60, 42 and 28% of the simulation periods, respectively. The water molecules at adjacent sites at the 5¢-and 3¢-ends of the central site of M_GGCC_ALT, M_GGCC_RAN and unmodi®ed GGCC are present~11 and 16%, 16 and 21% and 11 and 10% of the entire simulations, respectively.
DISCUSSION
The in¯uence of electrostatic forces on the local conformation of DNA has broad application to questions of nucleic acid bending, folding and global structure. The questions addressed here relate to the electrostatic environment of the DNA double helix in solution and speci®cally to the in¯uence of this environment on minor groove width. We previously conducted simulations on the duplex form of d(CGCGAATTCGCG), termed the AATT duplex (26) , initially crystallized and studied in detail by Dickerson and co-workers (1). To compare an A-tract with a G-tract, we have also carried out simulations on the duplex form of d(TATAGGCCTATA), termed the GGCC duplex (27) . Analysis of those MD trajectories revealed that¯uctuations in monovalent cation positions are in¯uenced by sequence and the cation positions are coupled to¯uctuations in minor groove width (26, 27) . When cations transiently enter the lip or localize near the¯oor of the minor groove, cross-groove phosphate±phosphate repulsions are attenuated and the minor groove width decreases. When the cations dissociate, the groove in that region quickly widens. A-tracts contain relatively high time-average concentrations of cations near the¯oor and within the lip of the minor groove in comparison with G-tracts.
As described in the Introduction, an electrostatic model in which sequence-speci®c variations in groove width depend on variations in cross-strand phosphate repulsion (21, 22, 31) predicts that chemical modi®cations that eliminate repulsion should cause groove narrowing. Here we examine limiting relationships between minor groove width and cross-groove electrostatic repulsion, by using methylphosphonate modi®-cations that abolish anionic charge. Experimentally, methylphosphonate-substituted DNA molecules have been studied to investigate such diverse topics as antisense therapeutics and electrostatic effects on DNA bending (31,32,53±65). Strauss and Maher used methylphosphonate substitution to test the hypothesis that proteins with cationic surfaces can induce substantial DNA bending by neutralizing phosphate groups on one DNA face. By conducting a series of electrophoretic experiments, they showed that B-DNA bends when phosphates on one duplex face are substituted with methylphosphonate analogs. These results clearly show the importance of the electrostatic environment on the global structure of DNA. Here we are speci®cally interested in the effect of neutralizing the phosphate groups on the width of the DNA minor groove. We are working with relatively short DNA fragments, therefore the effect of neutralizing the phosphate groups on curvature is not studied. Longer sequences and simulation times would be needed to accurately examine the curvature of DNA duplexes. Moreover, McConnell and Beveridge, using long DNA duplexes of 25 and 30 bp, have studied curvature in detail and shown that there is a correlation between DNA bending and ion distributions (66) .
The results of the simulations performed here are consistent with the electrostatic model of DNA deformation. During the simulations, the time-average minor groove is narrow when the electrostatic repulsion across the minor groove is eliminated by chemical modi®cation. With the sequences and modi®ed positions used in this research narrowing of the minor groove does not appear to depend on the speci®c stereochemistry of the modi®ed phosphate, as indicated by similarities in DNA duplexes with alternating and random stereochemistries of the methylphosphonate. Both the G-tract and the A-tract (Figs 3, 4 and S2) minor grooves narrow when the cross-strand phosphate repulsion is eliminated. However, the proportional effect on the G-tract is much greater than the effect on the A-tract because the unmodi®ed G-tract has a larger average minor groove width than the unmodi®ed A-tract.
In order to conclude that the change in electrostatic environment of the modi®ed DNA is responsible for the narrowing of the minor groove width, it is important to compare the global conformations of the methylphosphonate modi®ed DNA duplexes with the unmodi®ed parent DNA. Using two-dimensional nuclear Overhauser effect (2D-NOE) data, Bower et al. (67) 5 and d(GC) 5´d (GC) 5 had similar global conformational properties to B-form DNA. Our calculations support these results. It can be seen from Figures 5 and S3 that the general B-form conformation of the modi®ed DNA duplexes is conserved but that methylphosphonate substitution strongly affects minor groove width in GC sequences.
In previous studies of cation interactions (26, 27) it was shown that the electrostatic repulsion of phosphate groups across the minor groove causes the groove to widen. This effect of electrostatic repulsion is felt across the minor groove more than that across the major groove because the major groove width of the B-form DNA is around twice that of the minor groove. Therefore, neutralizing the phosphate groups will reduce the repulsion across the minor groove much more than it will across the major groove, thus causing the minor groove to become narrower. It is now clear from these and previous studies that the minor groove of DNA duplexes can assume different widths, from more narrow to wider than the B-conformation, depending on the solution environment and/ or backbone modi®cations.
As also mentioned in the Introduction, X-ray analysis indicates that localized water molecules in the minor groove appear to be an integral part of DNA structure. One of the consequences of the minor groove width¯uctuation is the linkage it has with minor groove hydration, as previously observed by Chui and Dickerson (28) . As the minor groove narrows a highly ordered spine of hydration is formed, which is lost when the minor groove widens. Our results show that in MD simulations the minor groove of AATT has more crossstrand water molecules at the central AT step than those of M_GGCC_ALT and M_GGCC_RAN at the central GC step (Fig. 6 ). There is a clear correlation between the width of the minor groove and the percentage of structured water molecules in the minor groove. The narrower the minor groove the greater the number of cross-strand water interactions. It is interesting to note that the narrower methylphosphonate modi®ed GGCC minor grooves have more than twice the amount of cross-strand water molecules than that of the unmodi®ed GGCC parent. Consistent with these results, it is observed from the X-ray crystal structures of three GGCC duplexes of d(CCAGGCCTGG) (NDB id bdjb27, bdjb49 and bdjb50) with narrow minor groove widths, narrower than that of the canonical B-form DNA, that they have a localized cross-strand water molecule at the central GC step. The distances of the oxygen atom of the water molecules from the O2 groups of the two C residues on opposite strands are 2.82 and 3.03, 2.88 and 3.51, and 2.8 and 3.49 A Ê for bdjb27, bdjb49 and bdjb50, respectively.
It is important to ask what angles or helical parameters are directly associated with the width of the minor groove? The phase, amplitude, c, g, d, e, z, a and b angles for both strands and the minor groove width at several base pairs were extracted over the entire simulation. The aim was to see if there is any relationship or correlation between these torsion angles and the minor groove width. A very weak correlation was observed, approximately 0.48. Also, using a machine learning predictive model, decision tree (70±72), an attempt was made to deduce rules governing relationships between torsion angles and minor groove width. A rule would specify what the different torsion angles have to be in order for the minor groove width to fall within a certain range, for example the phase angle should be less than a certain value (p) and the c torsion angle should be greater than a certain value (c) and the g torsion angle should be less than a certain value (g), etc. for the minor groove width to fall within a certain range (mg1 and mg2). A correlation coef®cient of about 0.87 was obtained. However, about 2200 rules relating groove width and torsion angles were deduced. This result indicates that there is not one angle or small group of angle parameters that control the width of the minor groove in the DNA molecule. The groove width at a particular base pair is controlled not only by the torsion angles at that base pair (locally), but also by the helical parameters at adjacent base pairs (globally). Furthermore, no correlation was found between the base±base parameters, shear, stretch, stagger, buckle and propeller twist and the minor groove width. These results clearly show that the narrow minor groove width observed for DNA when ions interact with phosphate groups or when phosphates are chemically neutralized can be achieved by numerous combinations of torsional angles. All of these combinations result in a narrow groove when phosphate repulsions across the minor groove are neutralized.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at NAR Online.
